Objective: The treatment of craniofacial reconstructive surgery patients may benefit from comparison to average referent three-dimensional landmark data. These data may be useful for diagnosis, treatment planning, prosthetic design, or outcomes assessment. With regard to subadult patients, we hypothesize that the pattern of ontogenetic shape change of same sex, same ethnicity, referent populations will show gross uniformity. We present a preliminary shape analysis of 50 three-dimensional landmarks derived from 317 BoltonBrush Growth Study biorthogonal image pairs. We determine which landmarks can be collected from scanned radiographs reliably by four operators for the precisely locatable points, ontogenetic trends in landmark configuration shape change, and patterns of sexual dimorphism.
variation. Cephalometric comparisons of patient craniodental measurements to a well-characterized referent has been found helpful for diagnosis by many craniofacial practitioners (Grayson, 1989) . However, there has been criticism of various traditional cephalometric methods, such as linear distance or angle comparisons of patient to normative (Moyers and Bookstein, 1979) , the selection criteria for normative samples (Hunter et al., 1993; Kowalski, 1993; Dean et al., 1998a) , or the clinical need for cephalometric diagnosis (Atchison et al., 1991) . Diagnosis, however, is only the first of four stages of patient care where referent data, especially in the form of landmark coordinates, may be useful. The other three stages are treatment planning, stereotactic treatment, and outcomes assessment.
Two dimensional, longitudinal, and serial average data, such as the published Bolton standards (Broadbent et al., 1975) , are commonly compared to subadults and adults undergoing max- illofacial reconstructive surgery and/or orthodontia (Athanasiou et al., 1996) . We present methods for three-dimensional landmark localization from biorthogonal plain film X-rays and the creation of three-dimensional average landmark coordinates that may serve as useful craniofacial referent shapes. Traditional criteria for referent samples have been freedom from disease, sex, ethnicity, and age. We hypothesize that wellcharacterized and longitudinally tracked referent samples lack heterogeneity in cephalometric measures of ontogenetic shape change.
The cephalogram is an inexpensive source of cephalometric data. Cephalogram is the commonly used term for frontal (posteroanterior) or lateral plain film head X-rays taken in Frankfort orientation. The possibility of collecting three-dimensional coordinates is latent in the process Broadbent (1931) described ( Fig. 1) for cephalogram head registration using the Broadbent-Bolton roentgenographic cephalometer (BBRC). The BBRC maintains the head in a static and standard position versus two X-ray sources and the target frontal and lateral film cassettes. This increases three-dimensional landmark localization accuracy over the more common approach of orthogonally turning the patient versus the X-ray's source and film cassette. Less accurate, but more common, cephalogram capture devices require turning the patient orthogonally in front of a single Xray source (Broadbent, 1937; Savara, 1965; Dahan, 1967; Baumrind et al., 1983a, b; Trocmé et al., 1990) .
While frontal cephalograms have routinely been collected as part of cephalometric growth studies (Snodell et al., 1993) , to our knowledge, only one other, significantly smaller (n ϭ 102), growth study (Ackerman, 1979) has used a radiographic head registration device like the BBRC (Singh and Savara, 1966; Savara and Tracey, 1967) . Moreover, only 32 BBRC units have been installed, and some may have since been discarded. We are aware of no BBRC equivalent. Thus, the Bolton-Brush Growth Study is the only large biorthogonal cephalometric X-ray collection that has provided for generation of accurate three-dimensional landmark coordinate data.
Following image acquisition, a primary source of localization error is the common practice of independently identifying landmarks in the two orthogonal views, i.e., separate digitization of the lateral and frontal cephalograms. We implemented the Broadbent Orientator in software, 3dCEPH (Subramanyan and Dean, 1996) , so that both films would be displayed simultaneously, aligned along their shared central rays. Thus, all landmarks share the same vertical height (Y coordinate) in both the lateral and frontal images; this benefit of the Broadbent Orientator improves localization precision. Without simultaneous sighting, Grayson et al. (1988) opted for averaging of the Y coordinate.
PARTICIPANTS
The data in this study were drawn from cephalograms of the 93 Bolton faces recruited to the Bolton-Brush Growth Study between 1927 and 1959. They were selected from the other 4309 study participants on the basis of (1) good static occlusion of dental casts, class I molar occlusion, (2) good health history, (3) good correspondence (ethnicity) to others in the sample, (4) aesthetic judgment of B. Holly Broadbent, Sr., and (5) completeness of long-term longitudinal records. Study participants were asked to contribute biorthogonal frontal and lateral cephalograms annually on their birthday from ages 3 to 18 years. Their data were used to produce the published Bolton standards (Broadbent et al., 1975) . None of the Bolton faces sustained trauma, underwent surgery (except possibly tonsillectomy), or received orthodontic care.
Thirty-two (16 male and 16 female) of the 93 Bolton faces were originally chosen as Bolton standards. We chose this sample size to maintain symmetry with the published Bolton standards. This would facilitate later comparisons between the original manually produced two-dimensional Bolton standards data and our digitally produced three-dimensional data set (Kim et al., 1999) . The 32 Bolton standards subjects contributed no fewer than seven image pairs. Tables 1 and 2 report their visit frequency. We did not interpolate missing visits, as this would have increased the appearance of shape change uniformity across this sample.
METHODS
Original cephalograms were scanned on a Howtek ScanMaster DX (Hudson, NH) at 512 dots per inch (dpi) resolution with 12 bits (4096 shades) of gray scale. The resulting 40 megabyte images present an expected loss of contrast range due to aging. Age-related contrast loss causes previously bright white (bone and dentition) and dark black (background) areas to degrade to middle shades of gray. The contrast of all images in this study was corrected (Subramanyan and Dean, 1996) . The resulting images were saved as 8-bit (256 shades of gray), 256-dpi (pixel size 0.1 mm), 7.5-megabyte files. These images were loaded into 3dCEPH (Subramanyan and Dean, 1996) . There the operator aligned the frontal and lateral films in the Frankfort horizon and along their central rays (Adenwalla et al., 1988) . Although the film cassettes do not lie at the central ray intercept point (see Fig. 1 ) in the center of the head, the image magnification setting results in a mimic of true biorthogonality (Subramanyan and Dean, 1996; Hsiao et al., 1997) . The magnification is determined from the distance of the film to the orthogonal intersection point. This distance is recorded when each film is taken in the BBRC. The lateral film offset from midsagittal is referred to as the ML (mediolateral) and the frontal offset from biporion is known as the Pϩ (porion ϩ) distance (Broadbent et al., 1975) .
Following orientation, 50 landmarks were localized on both films simultaneously. The landmark localization protocol (Table 3) was developed by the authors and the four operators during the initial phases of this project (see Dean et al., 1998b , for landmark definitions). The operator can zoom (magnify) the region of a landmark four times (512-dpi, 0.1-mm pixel size). The initial 600 ϫ 600 display presents cephalograms with 0.4 mm/pixel dimensions (64-dpi image on 72-dpi capable screen display). Final landmark coordinates are saved at this resolution (one digitizer unit ϭ 0.4 mm).
ANALYSIS
Over the past 10 years, a new consensus has emerged around a series of morphometric techniques for shape comparisons of anatomical landmark coordinate data (Rohlf and Bookstein, 1989; Bookstein, 1991; Marcus et al., 1996; Dryden and Mardia, 1998) . Multivariate analysis of these data was by the Procrustes toolkit for labeled sets of points in two or three dimensions. Shape is the information left in such a figure after we ignore location, orientation, and scale. Point sets that are all the same shape in this sense make up a very interesting geometrical space. The distance between any two shapes in this space is the so-called Procrustes distance (Rohlf and Slice, 1990; Bookstein, 1991; Goodall, 1991) , square root of the sum of squared Euclidean distances between corresponding landmarks when each configuration is centered at the origin and scaled to unit sum of squares and then one is rotated over the other to the position of the least such sum of squared distances. The scaling factor here is called centroid size. To any sample of shapes corresponds an average shape, defined as the shape with the least summed squared Procrustes distances to all of the shapes of the original data set. For multivariate analysis, one uses the Procrustes shape coordinates, which are locations of the landmarks of all the original specimens of the data set after each configuration is fitted to the average in the translation, scale, and rotation sequence just described. Adequate precision of anatomic landmark coordinate localization is prerequisite to quantitative analysis of cephalometric data (Sekiguchi and Savara, 1972; Cohen, 1984; El-Mangoury et al., 1987; Macri and Wenzel, 1993; Major et al., 1994; Nimkarn and Miles, 1995; Ferrario et al., 1996; Kragskov et al., 1997; Trpkova et al., 1997) . Precision is the inverse of the variance between multiple estimates of the same quantity, in this case, landmark location. Interoperator precision is known to be worse than intraoperator precision (Dean et al., 1998b) .
In our initial sorting of this large data set, we dropped all landmark data for a visit if one or more operators did not completely identify all landmarks in the protocol or any landmark coordinate showed a range of 170 pixel units (6.8 cm) or more across the four operators. This 6.8-cm threshold picked up 21 cases of outright blunder by any of the four operators (out of 338 total landmark configurations digitized; 6%), while allowing all cases of valid disagreement about more subjective landmarks, such as euryon or vertex, to proceed to the next stage of filtering. Of the 21 dropped visits, 10 appear to be inexplicable errors in the Z coordinate obtained from landmark identification in the lateral view. The other 11 presented improper registration of the film pair along the central axis or Frankfort plane.
Following removal of gross errors, interoperator precision at each landmark was ranked by ascending mean square variance between the four 3dCEPH operators as measured by the raw coordinates (x, y, and z). Of the 50 landmarks collected, there was a significant gap in precision between the 37 landmarks that presented less than 4.3 mm positional variation among the four operators and the other 13 landmarks. (Clinically, 4.3 mm is roughly twice the unacceptable level of intraoperator precision.)
Next we removed three additional landmarks because they were part of a right-left pair where the opposing side's landmark had been above our 4.3-mm interoperator difference threshold in either the male or female samples. Finally, opisthocranion and glabella were dropped from the final study set of 32 skull base and facial landmarks (single dagger in Table  4 ) when we determined that these two landmarks alone could drive the entire shape analysis.
Following the removal of operator digitizing error and landmarks with extremely high interoperator variance, our goal was to search for general trends and outliers in ontogenetic shape change. We analyzed all visits for each age group, separated by sex, averaged across the four 3dCEPH operators. From this point on in this manuscript, our use of the word visit refers to an average of landmarks digitized by the four 3d-CEPH operators.
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sex began by applying standard multivariate statistical tools to Procrustes shape coordinates. We began with the calculation of separate Procrustes grand means (Goodall, 1991) for sex over all visits. Next we analyzed the variation among the x, y, and z Procrustes shape coordinates of the 32 fitted landmarks from age to age within sex. When each original configuration is Procrustes-superimposed over its sex-specific average, its vectors deviate from average positions by Euclidean vectors that are the Procrustes shape coordinates of the individual case with respect to the computed Procrustes mean.
To search for ontogenetic shape change trends and outliers within this high dimensional Procrustes space, we produced relative warps (Bookstein, 1991; Rohlf, 1993) . They are the principal components of Procrustes shape coordinates. Relative warps often supply a useful ordination of systematic aspects of biological variability. Figure 2 plots the first against the second relative warp, separately by sex, to extract an age range within which visitto-visit changes appear to be under adequate biological control. As judged by visual inspection, this range was taken as 8-18; prior to that, the variation appears chaotic. Repeating the analysis for this age range, subject trajectories seem adequately parallel within sex (Fig. 3) . We thereafter estimated growth trends separately by subject. Growth trends were estimated as within-subject regressions of Procrustes shape coordinates on age. The final statistical analysis of these data is a modified MANCOVA.
Finally, in order to depict the within-and between-sex patterns of shape change, we pooled over-child regressions of within-child Procrustes coordinates on age. These regressions are equivalent to the set of covariances of all the Procrustes shape coordinates with age, pooled over visits. Figure 4 shows one of the resulting analyses, the transformations (separated by sex) representing about 6 years of normal growth as a deformation of the age-8-and-older sample mean (about 12.5 years). Deformation of the grid represents overall change in shape, not size. Near stability with respect to the centroid is observed at the medial orbital points, nasion, and porion. Sella shifts anteriorly, whereas B point, A point, and the landmarks in the area of the lower piriform aperture shift posteriorly.
To test our hypothesis that systematic factors of individual differences in growth patterns are not at work within either the male or female longitudinal samples, we looked at variance of the within-visit regression slopes (Procrustes shape on age, 96 coordinates). Table 5 presents sample size times the pooled sum of squares, demonstrating that the fraction of variation in these slopes explained by their mean is 68%. (Note that, for males, only 15 subjects were usable-Bolton Study subject 2260 had only one useful visit.) It is reasonable to ask how much of the unexplained variance is just variation in individual growth rates around a common growth pattern represented, again, as a vector of slopes. This is expressed by the singularvalue decompositions of these sets of 16 female and 15 male slope vectors. Separately by sex, the proportion of variation along the first singular value is only a little bit more than the fraction of the sum of squares explained by the mean (71%, 63%). Hence, the variation of individual regressions around this pooled within-visit regression is not along this pooled direction. In fact, that variation, as we already knew from the relative warp plots, is effectively spherical in Procrustes space. The singular values for both females and males are spherical after the first. Therefore, beyond the grand mean growth trajectory direction, similar for males vis-a-vis females, everything appears to be individual variation, without any additional FIGURE 5 Calendar age versus growth-equivalent age. The shapes of these male and female plots suggest the adolescent growth spurt has craniodental shape correlates in males. See text for discussion. morphism in these data. Figure 5 shows the relation of growthequivalent age to calendar age. The computations were done separately by sex. Growth-equivalent age is the average of the values of age predicted by univariate regressions of the 96 Procrustes shape coordinates (i.e., 32 landmarks' x, y, z coordinates) separately on age. The accelerated rate of shape change and peak at age 15 in the Figure 5 plot for males suggest the well-known finding that boys typically have a growth spurt whereas girls do not (Tanner, 1965) , which correlates with their adult craniofacial shape differential (Moore et al., 1990; Ursk et al., 1993; Gazi-Coklica et al., 1997) .
DISCUSSION
From a clinical point of view, it might seem unacceptable to have interoperator variation among four D.D.S. postdoctoral fellows up to 4.3 mm for the 32 well-defined three-dimensional craniodental landmarks included in this analysis. However, it should be emphasized that no other similar study has included more than half this number of three-dimensional landmarks (cf., Baumrind and Frantz, 1971a, b; Nimkarn and Miles, 1995; Kragskov et al., 1997; Trpkova et al., 1997) . This study's acceptable precision across a larger landmark set was possible because the 3dCEPH software implementation of the Broadbent Orientator allows precise alignment of central rays within frontal and lateral cephalogram-shared Frankfort horizon; simultaneous, aligned (same Y coordinate) sighting of landmarks in the frontal and lateral cephalograms; and correction of magnification. The relatively high level of interoperator imprecision argues for clinical utilization of only one, welltrained operator.
None of the vault region landmarks were reliable enough to be included in this study. Perhaps vault shapes could be more reliably represented as extremal, Type III (after Bookstein, 1991) landmarks, which are located along crest lines or the midsagittal axis (see Bookstein and Cutting, 1988; Dean, 1993; Cutting et al., 1995; Dean et al., 1996; Dean et al., 1998a) . Table 4 shows that vertex and euryon were more variant in males than females. This may be a function of size. The images of the larger males are more likely to have the tops of the head cut off, requiring estimation of this point's location on the lateral film.
It should also be noted that at least four factors may prevent the X-ray beams that produce biorthogonal cephalograms from accurately intersecting (Grayson et al., 1988) . First, there is concentric beam spreading away from the central ray in both the frontal and lateral image. This effect is corrected by the Broadbent Orientator (Spolyar et al., 1993) and tracked in the 3dCEPH program. Second, it is difficult for the BBRC operator to determine that the patient's head is in Frankfort ori-entation (Fig. 1) ; more data on this is needed (Pancherz and Gökbuget, 1996) . Third, slight differences in head position can greatly affect where operators identify some landmarks (Miyashita, 1996; Ferrario et al., 1997) . Finally, the greatest concern is that there be no head movement between taking of the frontal and lateral films. Inaccuracy is expected to be highest in cephalometric systems where the patient's head is turned; however, the BBRC does not completely restrain the patient from inadvertent movement between capture of the frontal and lateral films. Indeed, young children often strain against the ear and nasal bridge positioning rods.
We hypothesize that the primary cause of the high variation of annual shape increments observed before age 8 was not movement. This would have resulted in greater imprecision among the four operators. We hypothesize that there may be lack of homology due to missing landmarks caused by exfoliation of deciduous teeth and eruption of their permanent successors.
The relative warps for both male and female 8 to 18 age groups present a strongly linear and uniform pattern of shape change. Both of these features argue against biological categories such as vertical or horizontal growers within the Bolton standards (Bookstein and Moyers, 1982; contra Prittinen, 1996) . Given that the Bolton standards individuals share a primarily western European, Caucasian ancestry, it would be interesting to see how uniform this trend is within and between ethnic groups (Dean et al., 1998a) .
CONCLUSION
Software implementation of the Broadbent Orientator has allowed us to reliably capture 32 anatomical landmarks in three dimensions. These data represent the growing male and female craniodental anatomy seen in 317 sets of biorthogonal plain film head X-rays. This report is the first presentation of three-dimensional Bolton standard craniodental growth data derived from the original cephalograms. This study presents an enlarged set of reliable landmarks over its predecessors. The enhanced precision is due to use of a software implementation of the Broadbent Orientator. Cephalogram landmark localization precision may further improve via additional on-screen localization tools (e.g., a mouse tool to locate mandibular ramal and corpal lines with a bisector leading to gonion, a sella centroid finder for the hypophyseal fossa, etc.) or algorithm assistance (Subramanyan and Dean, 1996; Rudolph et al., 1998) .
Procrustes shape analysis of these data offers the possibility of comparing craniofacial shapes irrespective of size differences among subjects. The parsing of size from form in the data obtained from radiographic images overcomes many of the difficulties in traditional cephalometrics.
The 32 landmarks studied here document two very similar trends of craniofacial shape change among the 32 Bolton Standard subjects' cephalograms. There does not seem to be significant deviation from this pattern within or between sexes. In the 8 to 18 year range, maximum craniodental shape change appeared to occur at approximately age 15 in males; this observation correlates well with what is known about the male adolescent growth spurt. No maximum could be unambiguously identified in the female sample.
Well-characterized craniodental landmark coordinate data may be most useful as a referent for craniofacial treatment planning where reconstructive care is indicated, e.g., severe congenital malformation, trauma, or cancer resection (Cutting et al., 1986; Abbott et al., 1990; Altobelli et al., 1993; McNamara et al., 1996; Wall and Rosenquist, 1996) . Many of these patients present complex, three-dimensional craniofacial deformity or insufficiency. Three-dimensional landmark data can provide shape difference (e.g., pre-versus postoperative) information not discerned from traditional review of standard lateral or frontal plain film X-rays alone, e.g., the amount of change at a single point (or surface given sufficient point density) in a direction oblique to the standard lateral and frontal cephalometric planes.
A well-characterized referent sample may assist in surgical treatment planning that includes external or surgically implanted orthotic devices (Habal, 1996; Cutting et al., 1998) . Similarly, an image-based referent may assist in the computer-aided design and computer-aided manufacture of a patient-specific prosthetic implant (Anderl et al., 1994; Arvier et al., 1994; Eufinger et al., 1995) .
Traditionally, craniofacial practitioners have also wished to use normative data to dissect the effects of growth from treatment (Rubin, 1997) ; however, predictions of how one person may grow in the absence of treatment have proved exceedingly difficult. We suggest well-characterized referent image data may better serve as baseline currency for comparisons to both pre-and postprocedural patient landmark data. When pooled across a group of patients sharing a clinical condition, these comparisons might all aid determination of relative treatment efficacy between differing interventional procedures.
